Approximately 20-30% of breast cancers show increased expression of the HER2 receptor tyrosine kinase. Trastuzumab (Herceptin) is a clinically approved anti-HER2 monoclonal antibody. Many patients with HER2-overexpressing metastatic breast cancer respond to trastuzumab; however, a subset display primary drug resistance. In addition, many patients who initially respond to trastuzumab ultimately develop disease progression. Multiple molecular mechanisms contributing to trastuzumab resistance have been proposed in the literature. These mechanisms include cross-signaling from related HER/erbB receptors and compensatory signaling from receptors outside of the HER/erbB family, including receptors for insulin-like growth factor-I, vascular endothelial growth factor, and transforming growth factor beta. The major downstream signaling pathway activated by HER2 cross-talk is PI3K/mTOR, and a potential integrator of receptor crosstalk is Src-focal adhesion kinase (FAK) signaling. PI3K, Src, and FAK have independently been implicated in trastuzumab resistance. In this review, we will discuss pharmacological inhibition of HER2 cross-talk as a strategy to treat trastuzumab-refractory HER2overexpresssing breast cancer.
Introduction
Over-expression of the receptor tyrosine kinase HER2 occurs in approximately 20-30% of metastatic breast cancers, and is associated with reduced overall survival, particularly prior to the introduction of HER2-targeted therapies [1] . The introduction of trastuzumab has significantly improved progression-free survival of patients with HER2-overexpressing metastatic disease [2] [3] [4] [5] . Implementation of this molecularly targeted therapy was a major shift in the treatment of cancer, as previous approaches relied primarily on non-specific cytotoxic chemotherapies and estrogen receptor-directed therapies. The initial clinical trials that were conducted tested trastuzumab as a single agent in patients with HER2-overexpressing metastatic breast cancer, and demonstrated overall response rates ranging from 11% to 21% for a median duration of less than one year [2, 3] . The fact that many patients did not respond to trastuzumab monotherapy, and the relatively short duration of response, indicate that primary (intrinsic) and acquired drug resistance is a major concern in the treatment of HER2-positive breast cancer. Current treatment regimens for metastatic HER2positive breast cancers combine trastuzumab with chemotherapy, resulting in significantly increased response rates ranging from 50% to 81% [5] [6] [7] . However, median time to progression remained less than one year when trastuzumab was combined with chemotherapy [5, 6] , indicating that acquired trastuzumab resistance develops rapidly even in the current clinical setting of trastuzumab-chemotherapy combination. Receptor cross-talk to HER2 (i.e. trans-phosphorylation of HER2 by other growth factor receptors) is an important mechanism by which HER2 can remain activated even in the presence of HER2targeted therapy (Figure 1 ). In this review, we will examine recent data supporting the concept of HER2 cross-talk as a mechanism of trastuzumab resistance, and will discuss pharmacological approaches to inhibit HER2 signaling cross-talk as a novel strategy for treating patients with trastuzumab-refractory HER2-overexpressing breast cancer. While multiple mechanisms of trastuzumab resistance exist, we have restricted this review to mechanisms of compensatory kinase signaling that abrogate response to HER2 inhibition.
Disruption of HER2/HER3 Dimerization as a Strategy to Improve Response to Trastuzumab
Trans-phosphorylation to and from HER2 (i.e. HER2 receptor cross-talk) maintains HER2 signaling and promotes HER2-dependent tumorigenesis [8] . Multiple members of the erbB/ HER receptor family (EGFR, HER2, and HER3) are generally co-expressed in breast cancer cells. HER2 serves as a critical heterodimerization partner to its related erbB family members [9] . Cross-signaling from EGFR activates HER2 and could theoretically limit response to HER2 inhibition. Indeed, increased expression of EGFR ligands EGF, TGF (transforming growth factor)-alpha, and betacellulin, and HER3 ligand heregulin (HRG) reduced trastuzumab-mediated growth inhibition in HER2-overexpressing breast cancer cells [10] [11] [12] . In addition, cells that had acquired trastuzumab resistance showed higher levels of EGFR/HER2 heterodimerization, increased phosphorylated EGFR, and increased transcripts for EGF, TGF-alpha, heparin-binding EGF, and HRG [12] . The relative contributions of EGFR and HER3 to HER2-dependent breast cancer have been examined [13] . The results suggested that EGFR may be dispensable for HER2-driven breast cancer. In contrast, HER3 knockdown inhibited proliferation and 3-dimensional culture growth, and promoted in vivo tumor regression of HER2-positive breast cancers. The ability of HER2 to transform cells has been also been shown to be increased when HER3 is co-expressed [14] , whereas loss of HER3 prevented proliferation of HER2-overexpressing breast cancer cells [15] . Thus, HER3 appears to play a critical role in HER2-dependent breast cancer progression. The HER2/HER3 heterodimer is thought to be such a potent signaling complex due to the direct recruitment and activation of the PI3K catalytic subunit by HER3. Despite lacking intrinsic kinase activity, HER3 possesses six consensus binding sites in its cytoplasmic tail for the p85 catalytic subunit of PI3K [16] , linking HER3 to potent mitogenic, proliferative, and anti-apoptotic pathways. In vivo, total and phosphorylated HER3 levels were increased in transgenic HER2 mouse models [17] , and in human tumor tissue samples of HER2-amplified breast cancer [13] . Thus, HER2-HER3 interaction and trans-activation of HER3 by HER2 appears to be an important mechanism driving HER2overexpressing breast cancer.
Pharmacologic strategies to block HER2-HER3 signaling include antibodies that directly target HER3, or HER2 monoclonal antibodies that sterically hinder receptor dimerization. An anti-HER3 monoclonal antibody (mAb) blocked HRG binding, and prevented proliferation and migration of breast cancer cells that co-express HER2 and HER3 [18] . In addition, this HER3 mAb reduced HER2 and HER3 phosphorylation, leading to inhibition of downstream signaling through Shc, Grb2, and PI3K. Pertuzumab (Table 1 ) is a HER2 mAb that binds to dimerization subdomain II of HER2, blocking HER2 interaction with other erbB receptors. In contrast, trastuzumab binds subdomain IV of HER2 and does not prevent ligand-induced heterodimerization. Recent work by Ghosh et al. [19] demonstrated that high levels of HER2 homodimerization predict favorably for response to trastuzumab, whereas HER2 heterodimerization was associated with lower response to trastuzumab. HER2 homodimerization activated signaling through Erk1/2, which was overcome by trastuzumab. In contrast, HER2 heterodimerization activated PI3K signaling, which was not inhibited by trastuzumab, but was reduced by pertuzumab and the dual EGFR/HER2 kinase inhibitor lapatinib ( Figure 2 ) [19] . Binding of pertuzumab was not impaired by the presence of trastuzumab; both antibodies were capable of binding HER2 simultaneously [20] . In addition, both antibodies stimulated antibody-dependent cellular cytotoxicity (ADCC) of HER2-positive cells [20] . The combination of pertuzumab plus trastuzumab has previously been shown to be synergistic in trastuzumab-naïve HER2-overexpressing breast cancer cell lines [21] . In addition, combination pertuzumab plus trastuzumab was more effective than either agent alone in mediating tumor regression and blocking tumor re-growth or metastasis in xenograft models of HER2-overexpressing breast cancer [13, 20] . However, this synergy does not appear to be due to enhanced ADCC, but may instead be a reflection of two differing mechanisms, possibly due to the ability of trastuzumab to block p95HER2 formation and of pertuzumab to disrupt heterodimerization [20] . Since p95HER2 is constitutively active, the ability of trastuzumab to block cleavage of full-length HER2 into p95HER2 may help limit HER2 kinase activity. Similarly, lapatinib can block p95HER2 activity [22] , accounting at least in part for the synergy between trastuzumab and lapatinib. In addition, combined use of HER2 antibodies appears to more effectively block downstream PI3K signaling than either drug alone [21, 23] . Interestingly, pertuzumab may also affect interactions between HER2 and non-erbB receptors such as IGF-IR [24] , suggesting that pertuzumab may significantly limit cross-talk to HER2. Thus, combining 2 different HER2 antibodies offers more complete blockade of HER2 signaling due in part to abrogated cross-talk from other receptors.
A phase II clinical trial testing trastuzumab plus pertuzumab was performed in patients with advanced HER2-positive breast cancer in whom disease progression had occurred during prior trastuzumab-based therapy [25] . Amongst 66 patients, the objective response rate was 24.2%, and the clinical benefit rate was 50%. Complete response was reported in five patients (7.6%); partial response in 11 patients (16.7%); and 17 patients (25.8%) experienced stable disease for at least 6 months. Median progression-free survival was 5.5 months. Hence, combined trastuzumab plus pertuzumab is an effective strategy for patients with HER2-overexpressing breast cancer that has progressed on prior trastuzumab treatment. Now, the combination is being tested in the first-line setting in the CLEOPATRA phase III trial, which is a randomized, double blind, placebo-controlled multicenter trial of pertuzumab + trastuzumab + docetaxel vs. placebo + trastuzumab + docetaxel in previously untreated HER2-positive metastatic breast cancer [26] . The hope is that this HER2 antibody combination will show increased efficacy in a trastuzumab-naïve population and will delay development of resistance to HER2-targeted therapy.
HER2/IGF-IR Cross-talk as a Potential Mechanism of Trastuzumab Resistance
We [24] and others [27] have previously described a unique interaction between IGF-IR and HER2 in HER2-overexpressing breast cancer cells that have acquired trastuzumab resistance [24] . This interaction facilitated cross-talk from IGF-IR to HER2, such that IGF-I stimulation induced phosphorylation of HER2, whereas inhibition of IGF-IR with neutralizing antibody alpha IR3 or IGF-IR tyrosine kinase inhibitor I-OMe-AG538 blocked phosphorylation of HER2 [24] . Resistant cells exhibited more rapid stimulation of PI3K/Akt and MAPK pathways in response to IGF-I relative to parental cells [24] . Subsequently, this receptor cross-talk was shown to also include HER3 in a unique IGF-IR/HER2/HER3 heterocomplex [27] . Thus, cross-phosphorylation from IGF-IR to HER2 and HER3 is a potential novel mechanism driving development of trastuzumab resistance. We previously showed that the dual EGFR/HER2 inhibitor lapatinib inhibits IGF-I signaling and induces apoptosis in cells with acquired trastuzumab resistance [28] . Thus, combination lapatinib plus trastuzumab may be an effective approach in HER2-positive cells that show elevated IGF-IR signaling.
The translational significance of IGF-IR cross-talk to HER2 and its role in trastuzumab resistance remains controversial. Breast tumor tissues of the ER-positive, triple-negative, and HER2-overexpressing subtypes stained positive for phosphorylated IGF-IR/insulin receptor (IR) in 48.1%, 41.9%, and 64.3% of cases, respectively [29] , indicating that IGF-IR is activated in a majority of HER2-positive breast cancers. Activation of IGF-IR/IR in these tissues was associated with activation of the mTOR substrate S6 [29] , which has been proposed as a marker of trastuzumab resistance. In contrast, two independent studies [30, 31] suggested a lack of association between IGF-IR expression alone and trastuzumab response. However, combined analysis of increased IGF-IR expression with increased mTOR signaling correlated with reduced response to trastuzumab [30] . In addition, HER2over-expressing breast cancer cells isolated from a patient to create the JIMT-1 cell line, which shows primary trastuzumab resistance [32] , also showed constitutive hyper-activation of IGF-1R [33] . Finally, a clinical correlative study showed that high IGF-IR expression correlated with reduced response to pre-operative trastuzumab plus chemotherapy in patients with HER2-positive breast cancer [34] . Thus, substantial rationale exists for studying IGF-IR inhibition as an approach for overcoming trastuzumab resistance.
Preclinical studies showed that the ATP-competitive IGF-IR tyrosine kinase inhibitor (TKI) BMS-536924 ( Figure 2 ) blocked growth of HER2-overexpressing breast cancer cells [29] . BMS-536924 blocks the ATP-binding site of IGF-IR and structurally similar IR. The kinase domains of IGF-IR and IR share 84% identity [35] , making it difficult to develop selective IGF-IR inhibitors that do not also block insulin receptor activity. The inherent risk then of an IGF-IR kinase inhibitor is cross-inhibition of IR and interference with glucose/insulin metabolism. The IGF-IR TKI NVP-AEW541 ( Figure 2 ) showed 27-fold higher selectivity for native IGF-IR versus IR because NVP-AEW541 is believed to target conformational differences in the kinase domains of IGF-IR and IR [35] . NVP-AEW541 combined with trastuzumab synergistically blocked PI3K signaling, induced p27kip1 expression, and inhibited proliferation of HER2-positive breast cancer cells [36] . Importantly, pharmacological inhibition of IGF-IR by antibody blockade or kinase inhibition restored trastuzumab sensitivity in models of acquired trastuzumab resistance [24, 37] . These studies demonstrate the potential importance of IGF-IR as a therapeutic target in HER2overexpressing breast cancers, including those that have progressed on prior trastuzumab treatment.
HER2 and VEGF Cooperatively Promote Mammary Tumorigenesis and Trastuzumab Resistance
One of the critical pathways activated by HER2 is the pro-angiogenic vascular endothelial growth factor (VEGF) signaling cascade. Preclinical work showed that HER2 induced expression of VEGF via activation of mammalian target of rapamycin (mTOR) [38] . Proteomic analysis of the HER2-overexpressing breast cancer cell line JIMT-1, which exhibits primary trastuzumab resistance, indicated increased secretion of VEGF, TGF beta, and EGF, amongst other growth factors, in comparison to a trastuzumab-sensitive cell line [33] . Clinically, HER2 over-expression correlated with increased VEGF expression and lymphangiogenesis in lymph node-positive breast cancer [39, 40] . According to one study, approximately 87% of HER2-positive breast cancers showed overexpression of VEGF [41] . Co-expression of HER2 and VEGF predicted worse outcome in patients with primary breast cancer [42] , suggesting that HER2 and VEGF synergistically drive mammary tumorigenesis. Hence, pharmacological strategies that co-target VEGF and HER2 may be beneficial for patients with HER2-positive breast cancer.
Indeed, combination VEGF-Trap and trastuzumab resulted in synergistic inhibition of proliferation and angiogenesis in trastuzumab-naïve BT474 HER2-over-expressing breast cancer xenografts [43] . In addition, peptide mimetics of VEGF and HER2 showed greater inhibition of proliferation, angiogenesis, and tumor growth in models of trastuzumab-naïve HER2-overexpressing breast cancer [44] . Genetic knockdown of VEGF and HER2 using siRNAs resulted in reduced VEGF expression, and synergistic inhibition of migration, invasion, adhesion, and proliferation [41] . Cells with acquired trastuzumab resistance showed increased expression of VEGF, and the VEGF monoclonal antibody bevacizumab restored sensitivity to trastuzumab in xenografts of these resistant cells [45] .
Sunitinib ( Figure 2) is an ATP-competitive kinase inhibitor. Because of highly conserved homology between ATP-binding sites of kinases, sunitinib targets multiple receptors including VEGF receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), and KIT/CD117. Thus, although its mechanism of action is likely to involve inhibition of VEGFR, sunitinib is not a selective VEGFR inhibitor. A phase II trial of the multi-kinase inhibitor sunitinib was conducted in 64 patients with pre-treated metastatic breast cancer [46] . Twelve patients had HER2-over-expressing breast cancer, and 8 of the 12 had received prior trastuzumab-based therapy. Amongst the 64 patients, a clinical benefit rate (defined as complete response, partial response, or stable disease for at least 6 months) of 16% was achieved. Amongst the HER2-over-expressing trastuzumab-pre-treated group, three responses were reported.
Another small molecule multi-kinase ATP-competitive inhibitor called sorafenib ( Figure 2 ) has been approved for the treatment of primary renal cell carcinoma and advanced primary hepatocellular carcinoma. Sorafenib blocks VEGFR, PDGFR, and Raf-MAPK activity, and thus, similar to sunitinib, is not specific for VEGFR, but its mechanism of action likely relies in part upon inhibition of angiogenesis. Because of the strong correlation between HER2 and angiogenesis, sorafenib has been studied within the context of HER2-positive breast cancer. Sorafenib blocked growth of cells that showed primary resistance to trastuzumab (JIMT-1 cell line) and cells that had acquired resistance to trastuzumab [47] . The mechanism of action appeared to involve sorafenib-mediated down-regulation of antiapoptotic proteins Mcl-1 and survivin. The effects of sorafenib on VEGFR activity and angiogenesis were not examined in this study, but could potentially contribute to sorafenibmediated regression of JIMT-1 tumors, which was observed in xenograft models.
The phase III AVEREL trial evaluated bevacizumab combined with trastuzumab plus docetaxel as first-line therapy in HER2-positive locally recurrent metastatic breast cancer. Results from 60 centers including 424 patients randomized to trastuzumab, bevacizumab, and paclitaxel versus the standard trastuzumab plus docetaxel showed increased progression free survival (PFS) amongst patients receiving bevacizumab [san Antonio 2011]. At a median follow up of 26 months, patients treated with the bevacizumab combination experienced a median PFS of 16.8 months versus 13.9 months for those treated with trastuzumab and docetaxel alone, equivalent to a 28% reduction in the risk of disease progression (hazard ratio [HR], 0.72; P = 0.0162). Future analysis will include examining whether circulating VEGF levels serve as a biomarker of response to more individually tailor therapy. A phase I study is currently being conducted in which bevacizumab is combined with one of the following: sunitinib, sorafenib, combination erlotinib and cetuximab, or combination trastuzumab and lapatinib. All eligible patients were refractory to standard treatments including trastuzumab for HER2-positive patients. Early results were reported for 145 patients. Amongst the HER2-positive, trastuzumab-refractory group, one complete response and four partial responses were reported [48] . This early data provides compelling evidence that anti-angiogenic therapy, and specifically VEGF-targeted therapy, may improve response to HER2-targeted therapies in patients with trastuzumab-refractory breast cancer. Thus, VEGFR kinase inhibition is a potentially effective pharmacological strategy for trastuzumab-refractory HER2-positive breast cancer. Tivozanib (AV-951; KRN-951; AVEO Pharmaceuticals Inc) ( Figure 2 ) is a novel quinoline-urea derivative that acts as a selective ATP-competitive pan-VEGFR kinase inhibitor [49] . In contrast to the previously discussed ATP-competitive inhibitors, tivozanib showed selectivity to VEGFR versus other kinase receptors. Importantly, tivozanib displayed strong in vivo anti-tumor activity in multiple mouse models of solid tumors, including breast cancer [49] . Given the association between HER2 and VEGF expression, and the preliminary evidence that antiangiogenic agents improve response to trastuzumab, rationale exists for testing this new VEGFR inhibitor as well as other selective VEGFR inhibitors against HER2-positive disease, particularly in the trastuzumab-refractory setting.
Evidence that Notch Signaling Drives Trastuzumab Resistance
HER2 inhibition by trastuzumab or a dual EGFR/HER2 TKI has previously been shown to activate Notch signaling in HER2-positive breast cancer cell lines [50] . Trastuzumabresistant cells showed up-regulation of Notch-1 and its targets. Gamma secretase inhibition of Notch signaling or Notch siRNA overcame trastuzumab resistance and induced apoptosis. Notch-1 knockdown decreased cell growth by 30% in trastuzumab-sensitive cells, and by more than 50% in trastuzumab-resistant cells. Growth of both trastuzumab-sensitive andresistant cells was completely inhibited by combining trastuzumab plus Notch-1 siRNA. Treatment of orthotopic xenografts of HER2-positive breast cancer with a gamma secretase inhibitor significantly reduced breast tumour recurrence after trastuzumab treatment in sensitive tumors [51] . Combining lapatinib with a gamma secretase inhibitor also showed significant reduction of tumor growth. Importantly, gamma secretase inhibition partially reversed trastuzumab resistance in xenografts of acquired trastuzumab resistance. Further testing and development of gamma secretase inhibitors as a potential new therapy in the setting of trastuzumab-refractory breast cancer is warranted based on this strong preclinical data.
Evidence for Cross-talk between HER2 and Transforming Growth Factor (TGF) Beta Signaling
Another signaling family that appears to enhance progression of HER2-driven breast cancers is the TGF beta family of cytokines. Mammary gland-specific overexpression of TGF beta I in MMTV-neu/erbB2 mice accelerated metastasis of Neu-dependent breast cancer in vivo [52, 53] , although primary tumor development was reduced [53] . A genetic screen that was performed to identify genes that cooperate with HER2 to promote migration showed that TGF beta enhanced HER2-mediated migration and invasion through an Erk-dependent mechanism [54] . Consistent with these data, mice with mammary-specific expression of soluble TGF beta receptor II, which acts an antagonist of TGF beta signaling, showed reduced metastases from Neu-induced mammary tumors [55] . These data argue for possible functional cross-talk from TGF beta signaling to HER2 signaling. In fact, evidence suggests that co-expression of oncogenes such as HER2 may convert TGF beta function from a tumor suppressor to a growth promoter with invasive and metastatic potential [56] . For example, TGF beta has been shown to induce binding of Smad transcription factors to specific gene promoters in MCF10A/HER2 stable cells and not in MCF10A control vector cells that do not overexpress HER2 [57] . In addition, TGF beta promoted migration of MCF10A/HER2 but not MCF10A control vector cells [58] . TGF beta-HER2 cross-talk may be mediated in part by TGF beta-stimulated phosphorylation and membrane relocalization of TACE/ ADAM17 sheddase, resulting in increased secretion of erbB ligands TGF alpha, amphiregulin, and HRG [59] .
However, controversy exists with respect to the role that TGF beta plays in HER2-driven breast cancer. As already mentioned, TGF beta appears to adapt pro-tumorigenic behavior in the presence of an oncogenic background. However, tumor suppressive effects of TGF beta are well-documented, even in the context of HER2-over-expressing breast cancer. For example, one study showed that preneoplastic tissue from MMTV-neu mice showed downregulation of TGF beta signaling with loss of TGF beta receptor type I relative to normal wild-type mammary tissues [60] . Further, mammary epithelial cells (MECs) transformed by stable expression of Ras or HER2 were growth inhibited by TGF beta I to the same extent as were non-transformed MECs or MCF10A cells [61] . HER2 has also been shown to induce expression of the TGF beta signaling inhibitor Smad 7 [62] , further suggesting that HER2 over-expression may suppress TGF beta function. HER2 was recently shown to activate expression of an inhibitory isoform of the transcription factor C/EBPβ (LIP), which ultimately blocks TGF beta-mediated growth suppression [63] . Importantly, increased expression of LIP versus the activating isoforms of C/EBPβ was associated with clinical trastuzumab resistance [63] . Thus, one body of literature suggests cooperativity and crosstalk between TGF beta and HER2 while another set of studies suggests that EHR2 abrogates TGF beta function.
A possible explanation for the discrepancy was offered by Wislon et al. [64] , who previously showed that response to TGF beta in HER2-over-expressing breast cancer cells differs depending on whether cells are luminal or mesenchymal. Luminal HER2-overexpressing cancer cells lost the TGF beta-induced transcriptional response observed in parental luminal cells that did not over-express HER2. In contrast, mesenchymal cells engineered to over-express HER2 showed increased expression of pro-invasive and metastatic genes relative to non-HER2-over-expressing parental cells. Another possibility is that TGF beta does not affect primary tumor growth but instead directly promotes epithelialmesenchymal transition, invasion and metastasis of HER2-over-expressing breast cancer cells. Thus, differing results would be obtained regarding the effects of TGF beta on HER2positive cancer depending on the stage of tumor progression that was being studied. Indeed, one study suggested that while TGF beta suppresses growth of the primary HER2overexpressing tumor, invasion and metastasis are stimulated [53] .
Another secreted cytokine, growth differentiation factor 15 (GDF15), is structurally similar to TGF beta, and has been reported to stimulate phosphorylation of HER2 [65] [66] [67] . We recently showed that GDF15-mediated phosphorylation of HER2 reduced sensitivity of HER2-overexpressing breast cancer cells to trastuzumab. Cells with primary or acquired resistance to trastuzumab expressed increased levels of GDF15 versus sensitive cells [65] . Trastuzumab-mediated growth inhibition of sensitive cells was blocked by purified recombinant human GDF15 or by stable transfection of a GDF15 expression plasmid. The HER2 tyrosine kinase inhibitor lapatinib ( Figure 2 ) abrogated GDF15-mediated Akt and Erk1/2 phosphorylation and blocked GDF15-mediated trastuzumab resistance, indicating that HER2 signaling is critical for GDF15-driven trastuzumab resistance (Figure 3 ). We also showed that GDF15 induced phosphorylation of Src. Pharmacologic inhibition of TGF beta receptor by SB431542 ( Figure 2 ) blocked GDF15-mediated Src phosphorylation. In addition, SB431542 or Src inhibitor PP2 (Figure 4 ) blocked GDF15-mediated trastuzumab resistance. Thus, TGF beta receptor and Src play important roles in GDF15-mediated resistance. Finally, we showed that GDF15 knockdown using lentiviral GDF15 shRNA increased trastuzumab sensitivity in cells with acquired or primary trastuzumab resistance. These results support GDF15-mediated activation of TGF beta receptor-Src-HER2 signaling crosstalk as a novel mechanism of trastuzumab resistance [65] .
Thus, given that TGF beta appears to develop pro-invasive and metastatic behavior in the presence of an oncogene such as HER2, and given the data supporting cooperativity between TGF beta and HER2 signaling, pharmacologic inhibition of TGF beta is a rational approach for blocking progression of HER2-overexpressing breast cancers. Further, trastuzumab-resistant cancers that secrete higher levels of the TGF beta-related cytokine GDF15 may also benefit from pharmacologic inhibition of TGF beta signaling.
PI3K Signaling, a Major Downstream Mediator of HER2 Cross-Talk
All of the cross-signaling pathways discussed in this review converge to activate downstream PI3K signaling (Figure 1 ). Hyperactive PI3K signaling has been proposed as a critical mechanism limiting response to trastuzumab [68, 69] . Growth inhibition of trastuzumab-resistant cancer cells and tumor regression in associated xenograft models was achieved by pharmacological PI3K inhibitors triciribine ( Figure 4 ) and SF1126 (Figure 4) , an analogue of the pan-PI3K inhibitor LY294002 (Figure 4) [70, 71] . LY294002 is not useful clinically due to poor water solubility and short half-life. SF1126 is one example of a modified version of LY294002, which has an RGDS peptide-linked integrin-targeted(αvβ3/ α5β1 targeted) group conjugated to the original LY backbone [72] . SF1126 inhibited proliferation and induced apoptosis of trastuzumab-naïve and trastuzumab-resistant HER2over-expressing cells. In addition, the combination of SF1126 and trastuzumab showed synergistic anti-proliferative activity in trastuzumab-resistant cells [71] . Increased PI3K signaling may promote resistance in part due to deregulation of cell survival pathways. Trastuzumab-resistant cells showed increased expression of the anti-apoptotic regulator Bcl-2 [73] . Up-regulation of Bcl-2 appeared to be due to increased PI3K signaling and increased inhibitor of NF-kappa B (IKK) signaling, as inhibitors of these kinases reduced Bcl-2 levels and increased sensitivity to trastuzumab. Further, resistant cells showed increased sensitivity to the Bcl-2 inhibitor ABT-737, suggesting a potential new therapeutic approach that should be examined in pre-clinical xenograft models.
Clinical trial data using specific pan-PI3K or PI3K isoform-specific inhibitors is not yet available. However, mTOR inhibitors are being actively pursued in the clinical setting of trastuzumab-refractory HER2-overexpressing metastatic breast cancer. Response rates greater than 40% and disease control rates of more than 70% were achieved in metastatic HER2-overexpressing breast cancers resistant to trastuzumab and chemotherapy when treated with trastuzumab, paclitaxel and the mTOR inhibitor and rapamycin ( Figure 4 ) analogue everolimus (Figure 4) [74] . Phase II study of the mTOR inhibitor ridaforolimus (Figure 4 ) plus trastuzumab in patients with HER2-positive trastuzumab-refractory metastatic breast cancer also showed evidence of anti-cancer activity with 2 partial responses in 22 patients [75] . A retrospective analysis of two phase I trials was performed to determine the safety and efficacy of everolimus in combination with trastuzumab-based chemotherapy in patients who had progressed on prior treatment with trastuzumab [76, 77] . The overall response rate was higher in patients who had not previously received lapatinib (31%) compared to those who had previously received lapatinib (18%). Time to progression was shorter in patients who had received lapatinib (29 weeks) versus those who did not receive lapatinib (41 weeks). However, the clinical benefit was similar in both groups: 89% in the lapatinib pre-treated group and 84% in the lapatinib-free group. Thus, patients whose disease has progressed on trastuzumab or lapatinib may still gain benefit from mTOR inhibitors. Two phase I/II trials of trastuzumab plus everolimus were also performed in patients who had progressed on trastuzumab. Retrospective analysis of these trials showed partial responses in 15% and stable disease in 19% of patients, resulting in a clinical benefit rate of 34% [78, 79] , providing evidence that mTOR inhibition improves response to trastuzumab in trastuzumab-refractory disease.
These results suggest that patients who have progressed on trastuzumab and lapatinib in the metastatic setting may derive clinical benefit from combination trastuzumab plus mTOR inhibitor. These results are being confirmed in ongoing phase 3 trials in first-line and trastuzumab-resistant settings. Thus, PI3K/mTOR inhibition is an attractive and effective strategy for improving response to HER2-targeted therapies. Given that many receptordriven mechanisms of trastuzumab resistance ultimately activate PI3K/mTOR, drugs that block this downstream pathway should effectively block compensatory signaling and restore sensitivity to trastuzumab. In contrast to trastzuumab resistance, PTEN loss and PI3KCA activating mutations do not appear to predict for lapatinib resistance [80] . However, sensitivity to lapatinib may still gain benefit from combination with mTOR inhibitors. For example, cells with primary trastuzumab resistance and poor response to lapatinib showed increased lapatinib sensitivity when co-treated with rapamycin or ridaforolimus [81] . This synergy was maintained in vivo in a xenograft model of primary trastuzumab resistance that showed complete suppression of tumor growth upon co-treatment with lapatinib plus ridaforolimus. Thus, mTOR inhibition is an important therapeutic strategy for sensitizing HER2-positive breast cancers to HER2-targeted therapies.
Focal Adhesion Kinase (FAK) and Src: Central Integrators of HER2

Signaling Cross-Talk and Trastuzumab Resistance?
In addition to converging downstream to activate a common signaling pathway (PI3K), evidence suggests that compensatory cross-talk activity to HER2 commonly occurs via activation of Src-FAK activity. The HER3 ligand heregulin (HRG) has been shown to differentially affect phosphorylation of FAK depending on the concentration of HRG [82] . Sub-physiological doses induced FAK phosphorylation on Y577 and Y925, and promoted interaction of FAK with HER2, while increasing adhesion of cultured breast cancer cells. In contrast, 1 nM HRG induced interaction of Shp2 phosphatase with HER2, leading to dephosphorylation of FAK Y577 and Y925. HRG stimulation or HER2 stable overexpression was associated with increased phosphorylation of Src on Y215, which in turn induced phosphorylation of Y861on FAK, a site believed to be critical to FAK-mediated cell migration [83] . In clinical samples, increased FAK expression correlated with HER2 overexpression, phosphorylated Src Y215, and phosphorylated Akt [84] . Specifically, HER2 over-expression was associated with increased phosphorylation of FAK Y861 [84] , consistent with reported in vitro results [83] .
In addition to HRG, TGF beta has been shown to induce phosphorylation of Src-FAK in MCF10A/HER2 stable cells in association with increased cell motility [57] . TGF betastimulated Src-FAK phosphorylation resulted in FAK-dependent clustering of HER2 and integrins on HER2-over-expressing cells [85] . TGF beta-mediated trastuzumab resistance was overcome by Src-FAK inhibition [85] . In fact, resistance to either trastuzumab or lapatinib was associated with integrin-FAK signaling [86] . Trastuzumab-resistant cells have been shown to be sensitive to blockade of either integrins or FAK [86, 87] , suggesting a novel therapeutic strategy for breast cancers that have progressed on trastuzumab. TAE226 (Novartis, Inc., Switzerland) is a novel bis-anilino pyrimidine ATP-competitive FAK inhibitor with an IC50 of 5.5 nM for FAK and 8-fold higher IC50 for IR and 25-fold higher for IGF-IR [88] . TAE226 blocked FAK activity and induced apoptosis in BT474 EGFR-and HER2-over-expressing breast cancer cells in contrast to MCF10A non-transformed mammary epithelial cells [89] . Further, TAE226 blocked mTOR signaling in models of esophageal cancer [90] . Because of the strong evidence supporting mTOR inhibition as a strategy in trastuzumab-resistant breast cancer, and because of the potential roles of FAK and IGF-IR signaling as mechanisms of trastuzumab resistance, TAE226 may hold therapeutic value in the setting of HER2-over-expressing breast cancer. The combination of TAE226 and trastuzumab should be examined pre-clinically in models of trastuzumab-naïve and trastuzumab-refractory HER2-over-expressing breast cancer.
In addition to FAK inhibition, Src inhibition is a novel strategy for treating trastuzumabresistant cancers. Src kinase activity has been reported to mediate multiple mechanisms of trastuzumab resistance, and ultimately activates FAK and PI3K/mTOR signaling. Normally, trastuzumab blocks Src Y416 phosphorylation [69] , resulting in reduced activity of downstream targets. One example is that trastuzumab blocked interaction of Src with HER2 and reduced PTEN tyrosine phosphorylation while increasing PTEN membrane localization and activity. While multiple mechanisms of trastuzumab resistance have been demonstrated to exist, almost all share in common activation of Src and downstream PI3K. These mechanisms of trastuzumab resistance include PTEN down-regulation [69] , IGF-IR overexpression [69] , exposure to recombinant human erythropoietin [91] , increased ephA2 kinase activity [92] , and GDF15 over-expression [65] , all of which have been shown to activate Src activity and PI3K signaling. Targeting SRC by genetic knockdown or pharmacologic inhibitor saracatinib (AZD0530) sensitized multiple trastuzumab-resistant cell lines to trastuzumab and blocked growth of trastuzumab-resistant tumors in vivo [93] . A recent phase I trial of saracatinib in 81 patients with advanced solid tumors including 13 metastatic breast cancers showed reduced Src activity using p-FAK as a marker [94] . Phase II study of single-agent dasatinib showed limited activity in trastuzumab-refractory HER2amplified (HER2+) or endocrine therapy-refractory hormone receptor-positive (HR+) breast cancers, with overall response rate of 4% [95] . The disease control rate (defined as partial response or stable disease) was 8% and 16% in the HER2+ and HR+ groups, respectively. Stronger activity was observed in the HR+ group which included HR+ HER2+ cancers, with poorer activity observed in the HER2-amplified HR-group. Combining Src inhibition with targeted HER2 therapies (trastuzumab, lapatinib, and/or pertuzumab) is likely to produce greater benefit in patients with HER2-positive breast cancer.
Conclusions
Trastuzumab has revolutionized the treatment and prognosis of HER2-over-expressing breast cancer. The next necessary step is to understand the limitations of trastuzumab therapy by elucidating the molecular mechanisms that drive therapeutic resistance. Extensive effort has been made over the past decade to develop models of trastuzumab resistance. These preclinical models have identified multiple kinases that cross-activate and sustain HER2 activity in the presence of trastuzumab. Central to these compensatory signaling mechanisms of trastuzumab resistance are activation of Src and PI3K, inhibition of which will likely improve survival rates of patients with trastuzumab-refractory HER2-overexpressing breast cancer. In particular, current clinical trials show promising results with combined mTOR inhibition plus trastuzumab in trastuzumab-refractory populations. A central issue brought to light in breast cancer clinical trials, however, is toxicity related to treatment with inhibitors of downstream tyrosine kinases. For example, in early stage breast cancer, treatment with sorafenib plus chemotherapy showed unfavorable toxicity in 47% of patients [96] . Similarly, in endocrine-resistant breast cancers, frequent toxicities associated with sorafenib plus aromatase inhibitor treatment resulted in a high rate of discontinuation from the trial study [97] . A recent phase 2 trial of Src inhibitor dasatinib in HER2-positive or hormone receptor-positive breast cancer also showed grade 3-4 toxicity in 37% of patients [98] . Thus, inhibition of central signaling nodes, such as Src and PI3K, may result in undue toxicity due to blockade of multiple pathways that converge on these signaling molecules. Strategies that combine multiple HER2-directed therapies may delay development of resistance if used in the front-line setting. Indeed, combination trastuzumab plus lapatinib and trastuzumab plus pertuzumab are being tested for use in patients with trastuzumab-naïve HER2-positive breast cancer. Future studies will also need to carefully assess the role of estrogen receptor (ER) signaling in trastuzumab-resistant HER2-positive ER-positive disease. While resistance to ER-targeted therapy has been shown to rely in part upon increased HER2 expression and signaling, the converse is still unknown, i.e. does increased ER signaling limit response to trastuzumab? Differential response to trastuzumab in ER-positive versus ER-negative disease may suggest differential courses of treatment in these two subtypes. Ultimately, identification of relevant predictors of response will be critical for rational patient selection, allowing individualized therapy and limited adverse effects to those who are unlikely to benefit. One strategy is to develop a so-called gene signature of trastuzumab response or trastuzumab resistance, which would likely involve many of the kinases discussed in this review, such as PIK3CA mutations that activate PI3K. However, the most useful assays may be those that are serum-based, as these assays offer a largely non-invasive, easily standardized approach to predict which patients will receive clinical benefit from trastuzumab. Such assays would measure secreted proteins such as erbB ligands, TGF beta, GDF15, and VEGF as markers of trastuzumab resistance. Development and implementation of gene-and protein-based assays that measure the molecular markers of resistance described above will allow further personalization of HER2-targeted therapy beyond HER2 expression status, and should ultimately improve patient survival rates.
Figure 1. Schematic of HER2 Cross-Signaling and Trastuzumab Resistance
Interactions and cross-talk between HER2 and HER3, IGF-IR, and TGF beta receptor are reported to reduce response to trastuzumab. Pharmacologic inhibition of IGF-IR via antibody blockade (MK0646) or kinase inhibition (AG538, NVP-AEW541, or BMS-536924) may block IGF-IR cross-activation of HER2 and improve sensitivity to trastuzumab. The HER2 monoclonal antibody pertuzumab disrupts HER2-HER3 interaction. TGF beta and the structurally similar GDF15 have been shown to be potentially involved in trastuzumab resistance. Strategies to block TGF beta or GDF15 may improve sensitivity to trastuzumab. Src-FAK and PI3K/mTOR signaling are central to all of the proposed compensatory signaling mechanisms. Src inhibitors include the commercially available PP2 compound and the clinically applicable dasatinib and saracatinib, whereas the dual FAK/ IGF-IR inhibitor TAE226 should be tested in preclinical models of trastuzumab resistance. Finally, PI3K inhibition has been tested in preclinical models using LY294002 and its analogue SF1126 and the Akt inhibitor triciribine amongst others. Inhibition of mTOR has shown the most promise clinically, with the rapamycin analogues everolimus, temsirolimus, and ridaforolimus showing response in trastuzumab-refractory populations. Structures: dual EGFR/HER2 kinase inhibitor lapatinib; TGF beta receptor type II kinase inhibitor SB431542; IGF-IR kinase inhibitors BMS-536924, NVP-AEW541, and nordihydroguaiaretic acid; VEGFR kinase inhibitors sunitinib, sorafenib, and tivozanib GDF15 was up-regulated in models of trastuzumab resistance, and activated TGF beta receptor signaling and downstream Smad and p38MAPK. TGF beta receptor signaling cross-talk to HER2 via Src induced HER2 phosphorylation and activation of downstream PI3K/mTOR and MAPK signaling. HER2 inhibition by lapatinib overcame GDF15mediated HER2 phosphorylation, suggesting that GDF15-overexpressing trastuzumabresistant cells retain sensitivity to lapatinib. Structures: PI3K inhibitor LY294002, its analogue SF1126, and Akt inhibitor triciribine; mTOR inhibitors rapamycin and analogues everolimus, ridaforolimus, and temsirolimus; Src inhibitors PP2 and dasatinib Table 1 Pharmacological strategies to overcome HER2 cross-talk and trastuzumab resistance 
